We report Raman-scattering results of YbRu2Ge2 single crystals to explore the phononic and crystal-field (CF) excitations. This heavy-fermion metal is suggested to enter a ferroquadrupolar (FQ) phase below T0=10 K. The tetragonal CF potential splits the Yb 3+ 2 F 7/2 ground multiplet into two Γ6 and two Γ7 Kramers doublets. We establish the following CF level scheme of the ground multiplet: a Γ6 ground state, with the two Γ7 states at 2 cm −1 , 95 cm −1 and the other Γ6 state at 239 cm −1 . The ∼2 cm −1 separation between the CF ground and first excited states is in agreement with the previously proposed quasi-quartet CF ground state. The intensity of the lowest-energy CF transition remarkably increases on cooling, indicating a coupling of this CF excitation to the quadrupolar fluctuations above T0. From symmetry analysis, we suggest that the FQ order has B1g symmetry. Moreover, temperature-dependent study of four Raman-active phonon modes shows that the intensities of the A1g and one Eg modes increase significantly on cooling, which is explained by a near-resonant coupling between these two phonon modes and CF transitions.
I. INTRODUCTION
Multipolar interactions and related ordering phenomena have attracted great interest because, unlike commonly-known long-range orders of electric or magnetic dipole moments, multipoles are often related to more exotic phases which are difficult to be probed directly 1,2 . For a systematic investigation of the collective behaviors of multipole moments, f -electron systems are suitable choices since the interplay of spin and orbital degrees of freedom of f -electrons facilitates multipole formation. Indeed, the actinide dioxides with 5f -electrons exhibit a variety of multipolar ordering phenomena 2 . For lanthanides with 4f -electrons, multipolar, especially quadrupolar order has also been discovered in different systems [3] [4] [5] [6] . YbRu 2 Ge 2 , a heavy-fermion metal with tetragonal structure (space group I4/mmm, No. 139; point group D 4h ), has been suggested to hold a ferroquadrupolar (FQ) order at low temperature [7] [8] [9] [10] [11] [12] [13] . It undergoes a second-order phase transition at T 0 =10 K, before entering an antiferromagnetic (AFM) phase below T 1 =6. 5 K 7,12 . At T 2 =5.5 K, there may exist a small change in the magnetic structure 10, 12 . Early studies show that the transition at T 0 is not magnetic, and T 0 increases when magnetic field is applied along the easy direction 7, 12 . This behavior at T 0 is similar to that of TmAu 2 at its FQ ordering temperature 14 , hence suggesting a FQ phase in YbRu 2 Ge 2 . The existence of a FQ order is further supported by X-ray diffraction and elastoresistivity measurements 13 : approaching T 0 on cooling, the temperature-dependence of the elastoresistivity in the quadrupolar symmetry channels shows a CurieWeiss behavior. Below T 0 , a orthorhombic structural distortion is observed.
This proposed FQ order, namely the ordering of Yb 4f-electron charge distribution at zero wavevector, can be probed indirectly by studying the lattice dynamics and crystal-field (CF) excitations. In a FQ arrangement, aligned quadrupoles uniformly distort the lattice via a coupling between the quadrupole moment and the strain field of the same symmetry. The induced distortion reduces the point-group symmetry of the lattice system, splitting degenerate phonon modes; the distortion also modifies the energy and lifetime of the phonon modes of the same symmetry. Such anomalies can be revealed by investigating the phonon spectra. Besides, the quadrupolar moments are carried by the CF ground state of Yb 3+ . The tetragonal CF potential splits the 2 F 7/2 ground multiplet into two Γ 6 and two Γ 7 Kramers doublets. The magnetic entropy right above T 0 is nearly R ln 4 (Ref. 7 ), suggesting that the CF ground state is a quasi-quartet consisting of two nearly-degenerate Kramers doublets. This quasi-quartet is crucial for forming a quadrupolar state and deserves detailed study.
Raman spectroscopy is a conventional tool for studying phonon modes 15 and CF excitations 16 . Here we study the lattice dynamics and CF excitations of YbRu 2 Ge 2 . We assign four Raman-active phonon modes, and reveal an anomalous intensity enhancement of two phonon modes on cooling. The three CF transitions within the 2 F 7/2 ground multiplet are identified and a CF level scheme is in turn established. We find remarkable intensity increase occurs for the lowest-energy CF transition; the corresponding Raman susceptibility follows a diverging behavior approaching T 0 .
II. EXPERIMENTAL
Single crystals of YbRu 2 Ge 2 were grown by flux method; details of the growth can be found in Ref. 13 . Two samples were used in this study: one was cleaved in ambient condition to expose its xy crystallographic plane, the other had a clean as-grown xz crystallographic plane. The xy crystallographic plane was examined under a NoarXiv:1902.02863v1 [cond-mat.str-el] 7 Feb 2019 marski microscope to find a strain-free area.
Raman-scattering measurements were performed in a quasi-back scattering geometry in a continuous heliumflow cryostat. We used 476.2 nm, 647.1 nm and 752.5 nm lines from a Kr + ion laser for excitation. Incident light with no more than 14 mW power was focused to a 50×100 µm 2 spot. Particularly, for measurements of the phonon modes below 10 K, the power of the incident light was 2 mW. The temperature points reported in this paper were corrected for laser heating, which was estimated to be 0.75 ± 0.25 K/ mW.
Seven polarization configurations were employed to probe excitations in different symmetry channels. The relationship between the scattering geometries and the symmetry channels 17 is given in Table I . We used a custom triple-grating spectrometer with a liquid-nitrogen-cooled charge-coupled device (CCD) detector for analysis and collection of the scattered light. The data were corrected for the spectral response of the system. The measured secondary-emission intensity I(ω, T ) is related to the Raman response χ (ω, T ) by
, where n is the Bose factor, ω is energy, T is temperature, and L(ω, T ) represents photo-luminescence, which has a linear frequency dependence.
III. RESULTS AND DISCUSSION

A. Lattice Dynamics
The spectra of phonon modes are presented in Fig. 1 . By group theory, four Raman-active optical phonon modes are expected in YbRu 2 Ge 2 : A 1g ⊕ B 1g ⊕ 2E g . A 1g and B 1g modes are visible in XX geometry; E g modes in XZ geometry. The phonon energies at 13 K are tabulated in Table II .
In Fig. 2 we show the temperature dependence of the spectral parameters (energy, FWHM, and integrated in- 
301 -tensity) of the phonon modes. The spectral parameters were obtained by fitting the measured spectral peaks with Lorentzian lineshapes. The temperature dependence of both energy and FWHM of the phonon modes [ Fig. 2 (a) and (b)] is in accordance with a simple model assuming decay into two acoustic modes with identical frequencies and opposite momenta 19, 21 :
The fitting results are summarized in Table III . Deviations between the measured energy the fitting curve exist for the B 1g mode. Other decay channels, for example decay into one acoustic mode and one optical mode, need to be considered to accurately fit the data of the B 1g mode.
The integrated intensity of the A 1g and E (2) g phonon modes has more than 50% increase on cooling, in con- trast to the behavior of the B 1g phonon mode, whose integrated intensity is temperature-independent [ Fig. 2(c) ]. The increase of the integrated intensity on cooling suggests a coupling of a CF transition to these two phonon modes 22 . This coupling would be enhanced when the energies of the CF splitting and the phonon modes are close. Indeed, such a CF excitation, 239 cm −1 at 13 K, exists. Because 239 cm −1 is closer to 268 cm −1 than to 301 cm −1 , the percentage enhancement of the A 1g phonon mode is larger than that of the E (2) g phonon mode. The mechanism of this coupling will be discussed in the next subsection.
The FQ order parameter has been suggested to be of B 1g symmetry 8,9,13 . The energy and lifetime of the B 1g phonon mode may exhibit anomalies across T 0 because of renormalization effect from electron-phonon interaction. Besides, regardless of the symmetry of the FQ order parameter, breaking the four-fold rotational symmetry should split the two E g phonon modes 23 . However, as shown in the insets of Fig. 2 , B 1g and E g phonon modes do not exhibit significant anomaly across T 0 . E g phonon modes do not show notable splitting at 4.5 K, either [ Fig. 1] . Splitting of the E (1) g phonon mode is difficult to observe due to its weak intensity. The FWHM of the E 
g phonon mode is smaller than 4 cm −1 , the splitting would not be resolved in the measured spectra. Therefore, the upper limit of the splitting of E g phonon modes is set to be 4 cm −1 at 4.5 K.
B. Crystal-Field Excitations
Spectra and Assignment
Within the 2 F 7/2 multiplet, there are three possible CF excitations corresponding to transitions from the CF ground state to the three higher CF states. From group theory 24 , CF transitions between levels of the same symmetry (i.e. Γ 6 → Γ 6 or Γ 7 → Γ 7 ) contain A 1g , A 2g and E g contributions, whereas those between levels of different symmetry (i.e. Γ 6 → Γ 7 or Γ 7 → Γ 6 ) contain B 1g , B 2g and E g symmetry contributions. The intensity of different symmetry contributions may not be similar; it is possible that in allowed symmetry channels, the intensity is too weak to observe.
In Fig. 3 we show the lowest-energy CF transition. It is over-damped, present in RL geometry yet absent in RR geometry [ Fig. 3(a) ]. Because this excitation has no A 1g and A 2g contributions, it is a transition between Γ 6 and Γ 7 levels. Our results thus verified the suggestion that the CF ground state is a quasi-quartet composed of one Γ 6 and one Γ 7 state 7 . The Raman response of this excitation in B 1g channel is nearly twice as strong as that 
We use a Drude function,
to extrapolate χ (ω) below 5 cm −1 . The temperature dependence of the static Raman susceptibility is presented in Fig. 4 . It obeys a Curie-Weiss-type behavior, and the Weiss temperature is -2 ± 1 K and 2 ± 2 K in B 1g and B 2g symmetry channels, respectively. The remarkable enhancement of the intensity of this CF transition on cooling is not common 16 , and, together with the Curie-Weiss-type behavior of the corresponding static Raman susceptibility, suggests a coupling between the CF excitation within the quasi-quartet CF ground state and the quadrupolar fluctuations above T 0 . The simultaneous enhancement of the Raman response in both B 1g and B 2g channels on cooling might result from a competition between two ordering tendency, i.e. FQ order with either B 1g or B 2g symmetry. The free energy corresponding to these two possibilities could be similar, and FQ order of B 1g symmetry has slightly lower free energy. Tuning an additional parameter (magnetic field, pressure or doping, for instance) may induce a transition from B 1g FQ ordering to B 2g FQ ordering. Indeed, although T 0 stays constant up to 9 GPa with zero magnetic field 10 and increases with in-plane magnetic field at ambient pressure 7 , experimental results do show suppression of T 0 with Si doping 11 , or applied magnetic field under 1.23 GPa 10 . The observed suppression possibly suggests instability of FQ order with one symmetry to the other.
Theoretically, the low-energy Raman response in the B 1g channel corresponds to the imaginary part of the dynamic susceptibility of quadrupolar fluctuations, which includes both the lattice and the electronic contributions 25 . However, because the lattice contribution is peaked at much lower energy (usually <1 cm −1 ) than our spectral cutoff (5 cm −1 ), the lattice contribution is not accounted for by the extrapolation function in Eq. (4). The Weiss temperature obtained from the aforementioned procedure, therefore, is a measure of the bare quadrupolar transition temperature T Q , namely the quadrupolar ordering temperature in the absence of electron-lattice coupling. We note that in elastoresistivity measurements 13 , because the lattice is clamped, the Weiss temperature obtained from a fit to the static quadrupole-strain susceptibility is also a measure of the bare quadrupolar transition temperature T Q . In both cases, T Q can be expressed by the strength of the intersite quadrupolar interaction λ Q , and the maximum quadruple moment Q 0 :
The difference of the real transition temperature T 0 and the bare transition temperature results from the electronlattice coupling λ el 26 :
where C is the elastic constant of the ordering symmetry channel. That T Q is nearly zero indicates a relatively large electron-lattice coupling. We note that study of elastoresistivity also concludes that the FQ transition is driven primarily by electron-lattice coupling 13 . The CF transitions from the ground state to the remaining two higher states are shown in Fig. 5 . The transition energies are 95 cm −1 and 239 cm −1 . These two transitions could appear in all Raman-active symmetry channels, because the two low-lying doublets within the quasi-quartet have roughly the same population at 11 K. With the 476.2 nm excitation, the 95 cm −1 transition indeed appears as a weak peak for four linear polarizations, while the 239 cm −1 transition overlaps with the strong A 1g phonon mode. With the 647.1 nm excitation, instead, the 95 cm −1 transition becomes too weak to be observed, but the 239 cm −1 transition is identifiable, manifesting itself as a peak in the RL spectrum and a shoulder in the RR spectrum. The 239 cm −1 transition appears both in RR and RL geometries, consistent with the argument that it could contain components in all the Raman-active symmetry channels.
The symmetry of the CF levels are assigned by the following argument: because YbRh 2 Si 2 and YbIr 2 Si 2 , which have the same lattice structure as YbRu 2 Ge 2 , both have a Γ 6 CF ground state 27, 28 , we suggest that the CF ground state of YbRu 2 Ge 2 is also of Γ 6 symmetry (denoted as Γ (1) 6 ). The other Kramers doublet within the quasi-quartet, in turn, is of Γ 7 symmetry (denoted as Γ (1) 7 ). The small difference of the excitation energy measured in RR and RL geometries [ Fig. 5(b) ] serves as an estimation of the quasi-quartet splitting. By Lorentzian fits, we find that the excitation energy measured in RR geometry is higher by 2 ± 1 cm −1 than that measured in RL geometry at 25 K and 15 K. Therefore, the symmetry of the CF state at 239 cm −1 is therefore determined to be Γ 6 (denoted as Γ (2) 6 ), and the separation is estimated to be 2 ± 1 cm −1 . Because there are only two Γ 6 and two Γ 7 states within the 2 F 7/2 multiplet, the CF state at 95 cm −1 can only be of Γ 7 symmetry (denoted as Γ
7 ). The energies of the CF excitations at 15 K are summarized in Table II . We note that were the CF ground state of Γ 7 symmetry, the symmetry of the CF states at 2 cm −1 , 95 cm −1 and 239 cm −1 should instead be Γ 6 , Γ 6 and Γ 7 , respectively. In an inelastic neutron scattering study of YbRu 2 Ge 2 , excitations at 89 cm −1 , 170 cm −1 and 260 cm −1 are resolved at 5 K with the magnitude of momentum transfer being ∼1.9Å −1 (Ref. 18 ). Their data match our results well; a comparison can be found in Table II . This consistency not only supports our assignment, but also suggests that the CF excitations and optical phonon modes have little dispersion.
Angular Electron-Cloud Distribution of the Crystal-Field States
We use the following single-ion Hamiltonian to calculate the angular electron-cloud distribution at Yb sites:
The first term The five B's are the CF coefficients. Because only three transitions are determined in our study, if we assume tetragonal site symmetry, we cannot uniquely determine the CF Hamiltonian and wavefunctions. Hence, we approximate the real tetragonal CF potential with a cubic CF potential 31 :
A cubic CF potential would split the 2 F 7/2 multiplet into one quartet Γ 8 , one doublet Γ 7 and one doublet Γ 6 states of O h group. Reducing the cubic symmetry to the tetragonal symmetry, the quartet Γ 8 state of O h group would be split into one Γ 7 and one Γ 6 states of D 4h group. Because YbRu 2 Ge 2 has a quasi-quartet CF ground state, it is possible that this quasi-quartet is induced by a small tetragonal perturbation to a large cubic CF potential. We cannot rule out the alternative possibility that the quasi-quartet CF ground state of YbRu 2 Ge 2 is of accidental degeneracy, rather than derived from the quartet Γ 8 state of cubic symmetry. Nevertheless, a cubic CF potential preserves the 4-fold rotational symmetry along z-axis, and is sufficient to provide qualitative insights.
The second term
represents the effective quadrupole-field (QF) potential of B 1g symmetry. V is the strength of the QF potential; it is zero above T 0 and nonzero below T 0 . Above T 0 , H = H Cubic . We diagonalize H CF in the basis of |J, m J , where J = 7/2 and m J are the quantum numbers ofĴ andĴ z , respectively. After diagonalization, the CF transition energies can be expressed in terms of B 4 and B 6 . We fit these two adjustable parameters against the energy of two CF transitions measured at low-temperature (the Γ transition is not accounted in this procedure). The fitting results are B 4 =0.0516 cm −1 and B 6 =-0.00445 cm −1 . The angular electron-cloud distribution of the CF states is plotted in Fig. 6 . Notice that for a cubic CF potential, the eigenfunctions are independent of the values of B 4 and B 6 . Below T 0 , H = H Cubic + H B1g . We assume that the values of B 4 and B 6 do not change, and the only change is that V becomes nonzero. We diagonalize H in the basis of |J, m J , and after diagonalization, the CF transition energies can be expressed in terms of V . We find that V =0.3 cm −1 renders a 2 cm −1 splitting of the ground quartet. In Fig. 7 , we plot the angular electroncloud distribution of the ground quartet for V =0.3 cm −1 . The charge distribution looks different from <100> and <010> directions because they carry B 1g quadrupole moment.
The FQ phase transition reflects the competition between the entropy and energy terms in the Helmholtz free energy of the system. Above T 0 , the entropy term dominates and the system prefers a quasi-degenerate CF ground state. Below T 0 , instead, the system pursues lowest possible energy, and an orthorhombic quadrupolar field does exactly the job: this field mixes the wavefunctions of the quasi-degenerate Γ (1) 6 and Γ (1) 7 states, increasing their separation and in turn reducing the ground state energy.
Coupling between the Crystal-Field Transition and the Phonon Modes
The coupling between the Γ
CF transition and the A 1g and E (2) g phonon modes originates from the modulation of the electron-cloud distribution of CF states by lattice vibration [ Fig. 6 ]. Such coupling is allowed by group theory because Γ 6 ⊗Γ 6 = A 1g ⊕A 2g ⊕E g . We note that the phonon energy and linewidth can be well accounted for by the anharmonic decay model [ Fig. 2(a) and (b) ], suggesting that renormalization due to electron-phonon coupling is small. In the Appendix we show that for small coupling strength, the temperature dependence of the integrated intensity of the phonon modes, I.I.(T ), has the following phenomenological expression:
where A and B are two constants; f (1) (T ) = 2/Z(T ) measures the occupancy of the Γ
6 CF state, and f (2) (T ) = 2e −E3/k B T /Z(T ) measures the occupancy of the Γ are the energies of the CF levels [ Table II ]. In Eq. (11), the first term represents the temperatureindependent spectral weight of the phonon mode. Without the interaction v and any phase transition, the integrated intensity of the phonon modes is expected to be temperature-independent. The second term, which is temperature-dependent, can be interpreted as the spectral weight transferred from the CF mode to the phonon mode. This transferred spectral weight is proportional to the occupancy of the ground CF state Γ (1) 6 , and the un-occupancy of the excited CF state Γ (2) 6 . Because there is a phase transition at T 0 =10 K, Eq. (11) is only valid above 10 K. Moreover, group theory also allows the Γ CF mode will only influences the fitting curve at temperature much below T 0 , a temperature range in which Eq. (11) is already invalid. We use Eq. (11) to fit the phonon intensity data above 10 K in Fig. 2(c) . For the A 1g phonon mode, A = 3.14 ± 0.08 and B = 0.06 ± 0.03; for the E (2) g phonon mode, A = 2.08 ± 0.05 and B = 0.35 ± 0.02. That the fitting curves match the data well further supports our CF level scheme.
IV. CONCLUSION
In summary, Raman scattering study of YbRu 2 Ge 2 focuses on four Raman-active phonon modes and three CF excitations within the 2 F 7/2 ground multiplet. The temperature dependence of the energy and FWHM of the observed phonon modes is consistent with a simple anharmonic decay model. The integrated intensity of the A 1g and E (2) g phonon modes has more than 50% increase on cooling, which is due to a coupling between these two phonon modes and a CF transition of similar energy. The CF level scheme of the
